Objective: Transplant a liver from an HIV-positive mother to her HIV-negative child to save the child's life.
Design: A unique case of living donor liver transplantation from an HIV-positive mother to her HIV-negative child in South Africa. Two aspects of this case are ground-breaking. First, it involves living donation by someone who is HIVpositive and second it involves controlled transplant of an organ from an HIV-positive donor into an HIV-negative recipient, with the potential to prevent infection in the recipient.
Methods: Standard surgical procedure for living donor liver transplantation at our centre was followed. HIV-prophylaxis was administered preoperatively. Extensive, ultrasensitive HIV testing, over and above standard diagnostic assays, was undertaken to investigate recipient serostatus and is ongoing.
Results: Both mother and child are well, over 1 year posttransplantation. HIV seroconversion in our recipient was detected with serological testing at day 43 posttransplant. However, a decline in HIV antibody titres approaching undetectable levels is now being observed. No plasma, or cell-associated HIV-1 DNA has been detected in the recipient at any time-point since transplant.
Introduction
The current article reports on a unique liver transplant from an HIV-positive mother to her HIV-negative child.
To the best of our knowledge, this is the first such intentional liver transplant of its kind in the world. The transplant saved the life of the child who would certainly have died otherwise. After more than one year of followup, the child is thriving and the mother is well. In principle, this transplant has the potential to expand options for HIV-positive organ donors and attenuate the increasing demand for organs. Two aspects of this case are ground-breaking.
First, it involved living liver donation by someone who is HIV-positive. Although HIV-positive to HIV-positive kidney transplants have been performed with acceptable outcomes in South Africa, all the donors have been deceased [1] . Based on the success of this programme, the HIV Organ Policy Equity (HOPE) Act was signed into law in 2013, which legalized the transplant of HIVpositive organs in the USA [2] . Consequently, organs from HIV-positive donors may be transplanted if the centre has obtained approval from their institutional review board and they agree to provide regular safety reports to the Organ Procurement and Transplantation Network. The HOPE Act also stipulates that research in this field must be conducted according to guidelines established by the National Institutes of Health (NIH) and the NIH has initiated the 'HOPE in Action Multicenter Kidney Study' [2, 3] .
Although in theory the HOPE Act permits donation from an HIV-positive living donor in the USA, we are unaware of any published studies describing the intentional transplantation of organs from HIV-positive living donors. In addition, this is not universally accepted as best clinical practice [4] [5] [6] [7] . In our transplant programme, we have always excluded HIV-positive living donors because this procedure might place the donors at increased risk, which we felt was unjustifiable. However, we also realized we needed to acknowledge the enormous progress that has been made in the management of HIV in South Africa. South Africa has the highest prevalence of HIV (12.6%) and the largest treatment programme in the world -with 3.4 million people on antiretroviral therapy (ART). Prevention of mother-to-child transmission (PMTCT) has reduced new HIV-infection rates in South African children by 84%. This has resulted in a pool of healthy young parents living with well controlled HIV, who have HIV-negative children some of whom, like many children, present for management of life-threatening illnesses.
Second, this case involved controlled transplant of a liver from an HIV-positive donor into an HIV-negative recipient, with the potential to prevent infection in the recipient. By controlled we mean that every effort was made to prevent transmission with prophylaxis, and transmission -if this has taken place -was a known risk of the procedure. To date, all published cases of HIV transmission to seronegative recipients through liver transplantation have been from deceased donors, in uncontrolled circumstances [8, 9] . In all these cases, definitive seroconversion has been demonstrated at both an antibody and molecular level through nucleic acid testing.
In 2005, a deceased donor paediatric liver transplant programme was established at Wits Donald Gordon Medical Centre (WDGMC), University of the Witwatersrand, Johannesburg, South Africa. High demand and a critical shortage of deceased donors necessitated expansion of the programme to include living donors in 2013. Subsequently, 60 children have received living donor liver transplants through the programme, which is the only living donor liver transplant programme in sub-Saharan Africa (SSA). Our team is regularly challenged by parents whose children present, critically ill, with liver failure. We are repeatedly asked why being HIV-positive excludes them as living donors. This prompted us to reflect on the emerging needs of those who seek our care. In formulating a considered response, we performed our first living donor liver transplant from an HIV-positive mother to her HIVnegative child.
Case report
A 7-month-old child with biliary atresia was referred to WDGMC with end stage liver disease. The child underwent a Kasai Portoenterostomy procedure at 12 weeks of age, but biliary drainage was not established. After full evaluation the child was wait-listed for a deceased donor liver transplant with a Pediatric End stage Liver Disease score of 15. The child's mother requested evaluation for living donation but was declined because our policy excluded HIV-positive living donation as per international guidelines [5] [6] [7] . Two other close family members were evaluated for living donation but found unsuitable.
Both parents were known HIV-positive. The mother was incidentally diagnosed aged 27 (CD4 þ cell count 169 cells/ml, WHO clinical stage 1) [10] . Four months later she commenced a once daily first-line regimen of ART comprising efavirenz, lamivudine and tenofovir, as per South African national guidelines [9] . She conceived 6 weeks thereafter and remained on this regimen during her pregnancy and postdelivery. The pregnancy was uncomplicated and after delivery, her baby (our patient) received 6 weeks of daily nevirapine prophylaxis for PMTCT, was exclusively formula fed and received standard immunizations as per South Africa's expanded programme [11] . The child was subsequently found to be HIV-negative.
Once children are listed on our programme, the average waiting time for liver transplantation is 49 days. Our patient waited for 181 days and was admitted with lifethreatening haematemesis secondary to variceal bleeding despite sclerotherapy. This necessitated ICU admission, intubation, ventilation and further intervention for the bleeding varices. Recovery was complicated by gram negative septicaemia due to a hospital-acquired extended spectrum beta-lactamase Klebsiella pneumoniae infection.
Due to our patient's deteriorating health, we became increasingly concerned that without transplantation death was imminent. At the same time, the child's mother repeated her request to be a living donor. It was obvious that this request now merited our most serious consideration if we were to save the life of the child. The case was carefully thought-through from both legal and ethical perspectives, and thorough risk-benefit analysis was undertaken by a multidisciplinary group. The case was ultimately presented for urgent consideration to our institutional review board. Our application was expedited and approved as a pilot study provided the mother fulfilled our criteria for living donation, which she did (IRB approval # M170290). Given her HIVpositive status, the following criteria were also met: CD4 þ cell count more than 200 cells/ml, demonstrable HIV viral suppression for at least 6 months prior to donation; no active tuberculosis (TB) infection; no HIVassociated malignancies or opportunistic infection [12] .
Both parents were fully informed of the potential risks to donor and recipient -especially the risk of the recipient contracting HIV. We invited both parents to consent to the procedure, as both are involved in the care of the child and both would be responsible for managing the child's HIV and immunosuppression medications posttransplant. Throughout the process, the parents were assisted by our multilingual independent donor advocate.
The transplant took place when the child was 13 
Standard prophylaxis was administered for pneumocystis pneumonia and cytomegalovirus infection, but not TB, in line with our policy. Oral corticosteroids and tacrolimus were continued for 6 months, after which corticosteroids were weaned. The recipient remains on oral tacrolimus only, dose adjusted with therapeutic drug monitoring. Our patient has since been well, displaying rapid 'catch up growth' (Fig. 1) , has normal-for-age CD4 þ T-cell counts (%), and is followed-up as an outpatient.
HIV testing and monitoring
As part of standard evaluation of HIV status pretransplant, the recipient tested HIV-1 PCR negative on COBAS AmpliPrep/COBAS TaqManHIV-1 Qualitative Test version 2.0 (CAP/CTM Qual v2.0; Roche Molecular Systems, Inc., Branchburg, New Jersey, USA) and had lost all maternal antibodies as demonstrated by a negative ARCHITECT HIV-1/2 Ag/Ab Combo assay (Abbott Laboratories, Wiesbaden, Germany). To prevent HIV transmission, the recipient was started on ARTwith raltegravir, lamivudine and abacavir the evening before transplant and has since remained on this regimen. The donor continued her ART regimen throughout her hospital stay.
After transplantation, the recipient's HIV status was monitored using standard laboratory assays. HIV-1/2 serology and HIV-1 virological tests were performed, with evidence of seroconversion and no HIV-1 DNA or RNA detected in peripheral whole blood or plasma ( Fig. 2a and b) . A western blot performed 225 days posttransplant yielded an indeterminate picture with antibodies present against HIV-1 Gag (p55/51þ/À, p40þ/À, p24þ) and Pol (p65þ/À) antigens but not Env. Ultra-sensitive qualitative nested PCR assay targeting the integrase HIV-1 gene was performed to detect HIV-1 total cell-associated DNA (Fig. 2b) 
Discussion
In this case, we have demonstrated that controlled transplantation from an HIV-positive living donor to an HIV-negative recipient is possible and the short-term surgical outcomes for both donor and recipient are reasonable. Furthermore, it might be possible that under controlled conditions the recipient may not be infected with HIV, however, this will have to be rigorously researched in future work before any conclusions can be drawn. This transplant, although only a single case, has taken the next step in the field of HIV-positive organ donation through the inclusion of an HIV-positive living donor and an HIV-negative recipient and it may open up a new therapeutic option for transplantation. This is timely -as the shortage of donor organs remains a critical obstacle to providing transplant services in South Africa and across the world. This unique type of transplantation could expand access to other SSA countries with high HIV prevalence. There are no other living donor liver transplant programmes in SSA, which means there is no healthcare service for children with end stage liver disease except for that offered in South Africa. However, we are legally able to transplant foreign nationals with appropriate living donors in South Africa [13] . It is important that such a procedure is backed-up by careful donor advocacy and patient education, and that the decision to undertake such a transplant is supported by a strong ethics framework -as it was in our case.
A critical question for us at present is whether or not, under controlled circumstances, HIV transmission to the recipient might be preventable. At the time of writing, the HIV status of our recipient is equivocal and we acknowledge that HIV infection in these circumstances can be extremely difficult to document, particularly in children on ART. There is no doubt that the recipient was seronegative prior to transplantation. We have evidence of seroconversion within 43 days of the transplant with a demonstrable decline in HIV antibody titres approaching undetectable levels by 379 days. However, at no time point could any plasma HIV-1 RNA or cell-associated HIV-1 DNA be detected. Lack of detection of HIV-1 proviral DNA in our recipient was further confirmed by ultrasensitive nested PCR.
A number of scenarios might explain these results: first, a very small but measurable reservoir exists in the periphery if HIV-1 spread has occurred despite preexposure ART and continued ART -but is below detection limits of all currently available laboratory assays, second, the detectable reservoir is limited to the infected donor liver and no new infection of recipient cells has taken place -with no detectable HIV-1 DNA in the peripheral circulation, third, the seroconversion event, ordinarily associated with HIV-1 positive status, is not the child's response but rather is generated by maternal liver immune cells, resident or transferred with the graft, fourth, the HIVantibodies are produced by the child's B cells following presentation of HIV antigens by liver antigen presenting cells. Irrespective, this is an HIVantibody response that wanes, suggesting there is insufficient ongoing antigenic stimulation to maintain detectable responses.
Historically, in acute infection with HIV-1, high levels of antigen precede the development of HIV-specific antibodies and at least some low level of ongoing viral replication is needed to maintain detectable responses even with suppressive ART in chronic infection. It is increasingly reported that when ART is initiated in early stages of infection, a large proportion of HIV-1 infected children and adults subsequently develop nonreactive HIV-antibody results [14] [15] [16] . For all these HIVantibody negative cases, there were definitive molecular tests that indicated the presence of HIV-1 infection at the outset. Molecular tests in this recipient have demonstrated no evidence of infection, which makes this case unique.
Although we were not able to test any sample of donor liver prior to transplantation, the liver is known to contain many resident cell types that can be productively infected in vitro and HIV-1 RNA has also been detected in vivo [17] . However, a study of 42 simian immunodeficiency virus (SIV)-infected macaques, revealed productive SIV infection in the liver of only one animal, whereas in contrast other tissues (jejunum, colon, lymph nodes) of all animals had high numbers of infected cells [18] . These findings suggest the liver may not be a major reservoir for replicating virus in vivo, although may harbour latently infected cells.
For our recipient, risk of infection needs to be considered in the context of factors unique to the transplant setting including the inflammatory environment associated with alloresponses despite immunosuppressive treatment [19] . This may be associated with increased target cells for HIV-1 infection, preexposure ART and ongoing ART which prevents infection of new cells and the processes and immune responses involved in liver regeneration [20] which could conceivably clear virus or reduce the number of infected cells present.
There may come a time in the future when we are obliged to consider a provocative discontinuation of ART to definitively establish HIV serostatus, as this may be the only way of determining whether HIV has been transmitted to the recipient. One would need to consider whether this is ethical and feasible, and if so, at what time point this should be considered. However we hope to undertake further transplants of this nature as part of an approved research study (IRB approval # M171035) before making any such decision. Future cases will involve much more detailed HIV testing and sampling from the outset, including collecting samples intraoperatively. It is hoped that more extensive testing will evolve our understanding of this novel type of transmission and may ultimately provide definitive guidance regarding management. At present, the team have agreed to keep our recipient on ART for a minimum of 2 years. Whether we eventually discontinue ART will be carefully considered and based on further insights from our future research, balancing risk and benefit. 
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